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CO2 capturing is not a new concept; it has been highly worked on the last 30 years, developed certain solutions and possibilities to tackle environmental issues and climate change. Yet, such technologies have become a hot topic, especially in the last years due to the introduction of the term “net-zero emissions”, described in Paris Agreement. With the current behavior pattern of the major industries and global super-powers, it is very much expected that the industry’s and society’s need of energy will still be very much dependent on fossil fuels, at least for a while more. Net-zero emissions concept refers to a holistic need in the change of environmental policy, economic interest and social benefit; it identifies that a transition era towards a sustainable energy development is realistic and necessary, even within this behavior pattern. Because of this necessity, this concept means “to capture the same (or more) amount of CO2 as released to the atmosphere”, through newly emerging Carbon Capture and Storage (CCS) and Carbon Capture and Utilization (CCU) technologies.
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1.1.	Definition of CCUS and Its Historical Background
Although not a completely new concept, Carbon Capture Utilization and Storage (CCUS) technologies have came under major spotlight over the last decade, especially after the official announcement of future environmental goals spesified in Paris Agreement. Research and development on the topic came into reality – historically, with the formation of “Carbon Capture and Sequestration Technologies Program” in MIT which in turn paved the way to the establishment of Carbon Sequestration Initiative in July 2000 [1]. Later that year, this initiative led a partnership between certain major energy companies and government organization, giving birth to the CO2 Capture Project (CCP) which aimed to valorize CCUS technologies, to investigate their promises, to promote them economically and to create space for it in the political arena. [2]
It is fair to say that historically, this initiative and its beneficiaries brought the CCUS into attention; as climate change started to become more perceivable and more severe in the subsequent years, at the same time a need for common action and for innovation brought world powers into a cooperation in order to combat the environmental challenges. The final act of this cooperation could be considered the Paris Agreement today. [3]
Since the accronym of CCUS is quite straight-forward, there is not much debate on the description of CCUS. According to the Energy Department of US, CCUS is a process to stop carbon dioxide’s entery to the atmosphere by capturing it before it’s released from the source, and then reusing/ storing it in different manners. [4] Research Coordination Network on CCUS (RCN – CCUS) adds to this description also the removal of CO2 from flue gasses, along with the necesity of identification of safe and sustainable storage options [5]. A CCUS, is the capturing process of CO2 and; either its subsequent utilization as in a conversional manner (on feedstock / energy) or either in a non-conversional manner (utilization as solvents / working fluids), or either to store it in small/ large scales. The idea behind it is to pay regard to CO2 not only as a waste gas that is harmful to our habitat, but also as a possible resource, a commodity, with its value to be considered not only within the industry but also within the market itself. Thus, CCUS works into the benefit of humanity’s sustainable future, and has certain convincing features for the policy makers and market parties.
What is quite debatable although, is why exactly this technology needed to combat climate change and to ensure a sustainable environmental conditions for humankind on this planet. This dissertation aims to analyze the benefits and possibilities that CCUS provides, its current applications, its proven necessity, its political and economic importance, and an analysis of certain applications that are currently under experimentation.
1.2.	Combating Climate Change and Paris Aggreement
It is important to point out that Paris Agreement is an important foundation of CCUS. Article 2 (a) of the agreement sets the goal of a maximum atmospheric temperature increase below 2 °C. This 2 °C should be mitigated even further to 1,5 °C preferably by the second half of the century. To achieve this aim, attending parties of the agreement has to undertake certain responsibilities, depending on their respective status, described in Article 4: to create a balance between harmful emissions from their sources and removal of GreenHouse Gasses (GHG) through sinks [3]. The need for these sinks are stemming from another concept that is regarded in the Agreement; “Net-zero GHG Emissions”. The concept arises from the need of not only to decrease the amount of GHGs in the atmosphere lower than today, but to create an equilibrium between the release and capture of GHGs so the average global temperature goals could be met. Yet, studies carried by various sources underline the fact that this attempt is not enough to reach to “2 Degrees Scenario” (2DS); “Sky Environmental Scenario” carried out by Shell states that there is the need to mitigate further GHGs roaming freely in the atmosphere, specially CO2, by capturing/ utilizing the GHGs. This bears an important role in Paris Goals, especially if “Below 2 Degrees Scenario” (B2DS) to be achieved. [6]

Figure 1: Over 1000 Scenarios Predicting the Average Global Temperature Difference from IPCC Fifth Assement Report [11]
CCUS enters to the frame exactly on this point since it is considered as a method within “GHG sinks”, spesifically for carbon-dioxide. A GHG sink is described as a reservoir that is able to hold GHGs as they are generated by either interfering with their production cycles or capturing them directly from the athmosphere itself. According to the EU Directive 2009/29/EC on Emission Trading Scheme, which is one of the basis’ of Paris Agreement, GHG sinks can be categorized in three groups;
1.	Natural sinks such as forests, soil and oceans; capable of binding such gasses through natural cycles, mainly photosyntesis.
2.	Underground storages; in various scales, storages that are able to capture and store GHGs underground.
3.	Utilization processes; the seperation of GHG molecules either to smaller particles or to different molecules in order for them to be used in certain products. [7]
CCUS technologies and methods are mostly functioning under the second and the third category.
Another important matter in hand is a certain conflict that takes place between the environmental policy and industry. Theoretically, potential of renewables are able to cover the energy need of the globe but practically, certain industries that could be considered vital for industry can not fully sustain themselves solely based on renewables. Heat-intensive industries with high CO2 emissions (metal industry, smelters, cement plants etc.), aviation sector and manufacturing of certain hydro-carbon based products (i.e plastics, polymers) still highly dependent on fossils fuels or resources. At this point, CCUS could be very functional by its ability to manipulate CO2 emissions in desired forms. For aviation industry, CCUS technologies can help to reuse emitted CO2 back into the fuel blend of the planes. A similar process could be conducted for manufacturing industry, by capturing carbon-dioxide it is possible to bring the production process into a cycle through extracting the carbon and other chemicals and treating them as a resource. For heat-intensive industries, different applications of CCUS help mitigate the emittied CO2 levels, depending on the applied plant. Shell’s Sky Scenario with the scope of 2050 underlines this element, pointing out that it is possible to keep average global temperature around 1,75 °C. Within the scenario, spesific types of CCUS technologies such as Direct Air Capture (DAC) and Bio-Energy Carbon Capture and Storage (BECCS) technologies. [6] 

Figure 2: Shell's Sky Scenario's Vision for 2050 [6]
BP’s Energy Outlook Report of 2019 agrees with Shell’s Scenario, stating that CCUS can help bring down 7% of global CO2 level if the applications can ascend from pilot or experimental projects through incentives. [8] 

Figure 3: BP's  Rapid Transition Scenario for 2040 [8]
International Energy Agency (IEA) on the other hand, refers to the importance of CCUS from another angle; for an essential energy transition to succeed, CCUS technologies should be applied in to power generation industry since a direct abandonement of fossils is not exactly possible. In their Sustainable Development Scenario, IEA predicts that along with the work to be conducted for the sake of energy efficieny, CCUS can help fossil-based emissions to be mitigated by 6% until 2040. Adding the efforts on energy efficiency adjustments to that, global CO2 level can be decreased around 40% by 2050 [9]. 

Figure 4: SDS of IEA for 1.5-1.6 Celcius Degree Increase [9]
The common theme of these three seperate researches is the vitality of CCUS, wherein not only they include such technologies to every prediction made, but also pointing out that as far as negative-emissions concerned no other form of sink can react to the climate change as rapidly as CCUS. For example, even though Paris Agreement makes a very spesific references to reforestation, Royal Society’s report on Greenhouse Gas Removal states that albeit being an essential solution, the speed of reforestation maturity is unlikely to cover needed CO2 capturing due to the inequality cause by deforestation. Their prediction states that for reforestation scenario to be significant on carbon capturing, an area roughly in the size of Brazil should be reforested without any losses. Yet the deforestation caused by global warming (increase in fires), population increase (increase in land use) and food demands (increase in land use for agriculture) are likely to bring down these expected numbers very heavily. [10] These predictions prove the vitality of CCUS technologies on the way to negative emissions.
For the case of respective parties of Paris Agreement, another important role of CCUS is on Emission Trade Scheme (ETS) spesificed in Annex I of the respective directive. According to this Annex, stored, reused or utilized carbon-dioxide would be considered “non-emission” within the emission trade market. [7] Although a promising element, the penetration of CCUS into the technological sphere hasn’t succeeded greatly so far. One important reason for that would be the lack of incentives as mentioned above, as well as local energy policies, economical background or lack of R&D. Significant operational projects are limited to a selected number of countries until now, such as USA, Canada, Australia, UK, Norway, Brazil, China and Saudi Arabia. Still, many countries have started to include CCUS in their Nationally Determined Contributions within Paris Agreement such as France, Germany, Czechia, Ukraine, Iran, Egypt, South Africa and Malawi. [11]

Figure 5: Large Scale CCUS Projects Worldwide [11]
1.3.	 Greenhouse Gases’ and CO2’s Effect on Climate Change
CO2 is considered as the main GHG today and as outlined before in the previous chapters, its consequent mitigation in the atmosphere is crucial to meet the aims of Paris Agreement for below two degrees scenario. The reason that CO2 is considered as the main GHG today is not only due to its massive levels of emission; but also due to the fact that the carbon cycle of the earth is no longer able to capture and bind all the CO2 back to the soil/water. To put it simply, the production of CO2 due to human-made processes is overcoming the planet’s ability to recycle carbon in its own nature; being not a very reactive gas, CO2 accumulates on the planet. This accumulation is also a transitive one due to CO2 unreactive nature in atmospheric conditions. Its transition into different sinks causes different effects on climate change; in water it causes oceanic acidification, in soil it causes euthrophication and on atmosphere, it causes the greenhouse effect. [20]
According to IPCC’s Fifth Assesment Report, there are four main categories for GHG’s: (i) CO2, (ii) Methane, (iii) Nitrous Oxide, and (iv) Fluorinated gases. Among these gasses, CO2 constitutes around 70% of global GHG emissions. Even though its effect based on 100-year global warming potential per mass is a lot lower compared to methane and nitrous oxide (methane’s impact 28-36 times more, NOX’s impact 265-298 times more), CO2’s sheer amount in the atmosphere contributes around 60% of global warming effects, the report states. When we take a closer look on the sources of  CO2 by sector, IPCC underlines about 70% of CO2 emissions comes from electricity/ heat production and transportation. Another 20% is sourced from manufacturig industries, such as production of polymers, plastics, metals, etc.; as well as construction sector where cement production is the main product aside from the examples given before. These sectors produce CO2 mostly due to combustion processes at some point in their cycle and due to this reason, are valid candidates for applications of CCUS technologies. [21] 

Figure 6: Global GHG Emissions (on Left) and CO2 Emissions by Sector (on Right) for 2014, According to IPCC's Fifth Assessment Report [21]
As the charts above suggest, the largest source of CO2 is electricity and heat production. This energy production is mainly derived from fossil-fuel based power plants, which contribute around 30% of the total CO2 emitted worldwide [21]. Olajire’s work portray’s the gasses released to the atmosphere from such power plants, underlining that CO2’s amount per pound/billions BTU of energy input is nowhere near compared to the rest of the gasses released into the air. This, along with the fact that such power plants often do have physical space or built-in equipment for newer technological adjustments, makes energy production sector a clear target of  CCUS applications. [22]

Table 1: Emissions from Fossil Fuels in 1998 [22]

1.4.	 Assesment of CO2 Mitigation: Kaya Identity
In order to holistically understand and develop methods on CO2 mitigation, identifying the roots of CO2 is not exactly enough. In 1997, Proffessor Dr. Yoichi Kaya has formulated an expression on CO2 reduction. In his work, he points out five important parameters that has an affect on the global CO2 emission and he formulates them as such:
[CO2↑] = [POP] x [GDP/ POP] x [BTU/ GDP] x [CO2↑/ BTU] - [CO2↓]
In this formulation, the respective parameters are;
i)	[CO2↑]: Total CO2 released to the atmosphere
ii)	[POP]: Population
iii)	[GDP/ POP]: GDP per capita. Describes the total output per person. Formulated around the time of the Great Depression, it aims to perceive happiness by the amount of outputs that an individual can obtain. This expression indicates ‘a measurement for standart of living’.
iv)	[BTU/ GDP]: Energy consumption per unit of GDP. The principle behind it is the proportionality between BTU and GDP, where an increase in GDP also causes and increase in BTU (i.e. Larger industry, larger demand for energy). This expression indicates ‘a measurement of energy intensity’.
v)	[CO2↑/ BTU]: CO2 emission per unit of energy. Identifies how much consumed energy releases how much CO2 to the environment. This expression indicates ‘a measurement of carbon intensity’.
vi)	[CO2↓]: Total CO2 sequestrated, utilized or stored. [23]
According to his formulation, Kaya considers only three ways in order to lower the carbondioxide release;
a)	Lowering energy intensity: which means more efficient production/consumption of energy - or simply, ‘energy efficieny’. This can be done by making adjustments on the already existing systems on the energy cycle from mining to end-of-use. Mainly though, it refers to the electrical grid, where the electricity production, industrial electricity consumption and household use to be regulated for the sake of efficient use.
b)	Lowering carbon intensity: which means a shift of energy production from emitting technologies to non-emitting technologies. This translates to a switch from fossil fuel based power production (namely coal, oil and natural gas) to renewable production (hydro, wind, solar, tidal and arguably nuclear). Important thing to note here is that this change should be considered in paralel with energy intensity, which makes certain types of renewables such as nuclear quite debatable due to its intense heating/ cooling standarts. In sum, non-emitting energy production is the key for this parameter.
c)	Increasing carbon sequestration, utilization and storage: since CO2↓ represent a lowering affect on the total amount of CO2, it is considered to have a positive affect on CO2 mitigation. In this sense, the term “Net-zero emission” could be expressed as CO2↓ being equal to CO2↑ and “Negative emission” could be expressed as CO2↓ exceeding CO2↑. Here, the treatment technologies for CO2 such as utilization and storage are the main elements to be considered, which is also the main focus of this study.
Kaya and Keiichi excludes population and standart of living from their proposal for CO2 mitigation because they consider the lowering of these elements as “catastrophies to be avoided”. 
For them, lowering of population is very unlikely to come in a controlled environment since the population trends –although as not steep as oppose to 1950s, are showing a steady increase and future projections done by UN World Population Prospects is expecting the world population to increase from 7.7 bilion to 10+ bilion by 2100 [24]. Standart of living on the other hand, shouldn’t be lowered as a principle: no individual should forfeit from their current standart of life for the sake of emissions, considering the ethical notion of “climate justice”. The only way for either of two to result in lower levels is, if certain catastrophies (due to envrionmental change) are to take place, which contratrily should be the essence of combatting climate change. In other words, policies and future plans for climate change shouldn’t be resulted in lowering of population or standart of living: a result like that can only mean the failure of such policies since essentially these are the objects to be protected and kept on the same level. [23]

Figure 7: Population Size and Growth from 1950s to 2100s [24]
1.5.	Criticism Towards Kaya Identity
1.5.1.	Using GDP as a standart of living indicator
Although having various important uses in understanding and forecasting of CO2 emissions, Kaya Identity also recieved criticism on certain aspects. One of the main criticism towards it, is the choice of measurement for standart of living (GDP/ POP). Many scientists and policy makers have criticised GDP’s role in measurement of life quality of an individual, pointing out new measurement indicators have to replace it which have a holistic understanding and a definition with more accurate aspects. Human Development Report of UN’s Development Programme in 1990, formulated a new indicator for this purpose named “Human Development Index”. Human Development Index (HDI), as oppose to GDP (or GDp/ POP) had a multi-dimensional approach in describing “quality of life”, stating that GDP’s simplified definition is not only archaic but also narrows individual’s existance solely on “economic activity”. HDI stands on three indicators by its definition. These indicators are briefly;
i)	Life Expectancy Index: Based on life expectancy from birth. A long and preferably a healthy life is the right of every human being. Average expected life at birth is a tool to understand this and it is also supported with extra material to measure the quality of life – such as access to healthcare, access to food and clean water, etc.
ii)	Education Index: Based on mean years of schooling and expected years of schooling. Knowledge allows an individual’s ability to freely and critically make choices in life, enables one to create one’s future in a desired way and allows one to partake into society constructively and happily. Different categories of Sustainable Development Goals of UN – such as ‘Peace, Justice and Strong Institutions’, ‘Quality of Education’, ‘Gender Equality’ and ‘Reduced Inequalities’ could be considered as direct derivations of this index.
iii)	Income Index – GNI per capita: GNI stands for “Gross National Income”, which is the indicator of total amount of wealth obtained by individuals or their respective businesses. Simply, this means one’s average income regardless of their ability or choice of work. Since GNI is also supported with extra indicators such as Purchasing Power Parity (PPP – considers economic effects such as inflation, exchange and interest rates etc.), it reflects one’s capability to actually partake into the market of goods, rather than simply projecting their economic activity within the market (as GDP suggests). [25]

Figure 8: Calculation Parameters and Flow Chart of HDI [25]
In her recent article, Hayley Lashmar from UN Association of UK summarizes this criticism by pointing out that GDP’s ability to measure the standart of living does no longer coincide with SDGs perspective of “leaving noone behind”, claiming that GDP should be considered more as an economic indicator and leave its space for measuring quality of life to HDI. She bolsters the strenght of HDI in paralel to its comprehensiveness of UN’s SDG tasks and targets for 2100 and claims that in the near future HDI will get better in measuring “a good life” qualitively. In addition to that she adds, the needed data for HDI measurements are very likely to be obtained globally in the next ten to fifteen years. [26]
To summarize, this critique dwells from what GDP actually represents. Its journey of becoming a popular form of quantifying the standart of living originates from its simplified choice of parameters for its measurement, easier access for data of these parameters globally and its measureing process being straightforward. However, GDP considers the value of goods and services produced; not the “access for these goods and services, equally”. In this sense, it neglects many aspects of the society which SDG’s try to handle: social injustices, political discrimination, inequalities of purchasing power of the rich and the poor, but above all, the accumulation of wealth and its respective distribution, and exploitation/ degradation of environment. The last two elements are key for proposing a quality of life in a sustainable future: the effect of climate change is a result of  the means of growth, production and consumption and GDP leaves no room for other aspects to be considered. In other words, the production of air filters for power plants does not necesearily mean our ability to live in a GHG and pollutant-free environment. HDI takes certain aspects such as these into account that GDP doesn’t. On this matter, Robert Kennedy, when criticizing GDP’s role in his speech at University of Kansas in 1968, quotes;
“[GDP] counts air pollution and cigarette advertising, and ambulances to clear our highways of carnage.  It counts special locks for our doors and the jails for the people who break them.  It counts the destruction of the redwood and the loss of our natural wonder in chaotic sprawl.  It counts napalm and counts nuclear warheads and armored cars for the police to fight the riots in our cities.  (...) Yet the gross national product does not allow for the health of our children, the quality of their education or the joy of their play.  It does not include the beauty of our poetry or the strength of our marriages, the intelligence of our public debate or the integrity of our public officials.  It measures neither our wit nor our courage, neither our wisdom nor our learning, neither our compassion (...), it measures everything in short, except that which makes life worthwhile.” [27]
In this formal sense, to connect the broad scale of criticism from different angles towards Kaya Identity over GDP, it is quite fair to say that Kaya Identity does need an update on its formulation of [GDP/ POP] in order to portray the social interest and ‘quality of life’ more accurately, fairly and environmentally. As a reminder, this should not discredit the valuable work he portrayed for the sake of understanding CO2 emissions, rather it should amplify its importance and provide its use in the scientific world by bettering it through addendums on it.
1.5.2.	Certain effects of increased energy efficiency on CO2 emissions: ‘Jevons Paradox’ or ‘Rebound Effects’
Kaya Identity’s proposal of increasing energy efficiency in order to lower energy intensity (BTU/ GDP) to lower CO2 emission, has also been criticized from different perspectives. One of the main arguments used in order to criticize this is the “Jevons’ Paradox” or “Rebound Effects”.
In his work ‘The Coal Question’, Jevons have noticed the technological advancements of the mid-19th century (mainly Watts Improved Steam Engine) for energy efficiency did not necesearily reflected a reduction in the use of fuels. He formulated for elastically demanded products (for the sake of this argument, coal) even a technological advance, where a more efficient way of producing energy is applied, the fuel consumption won’t be lowered as expected but on the contrary will increase. This is mainly due to the drop in the market price of the respective fuel, given that the energy efficient technology becomes widely available, will increase the demand for it. Figure 9 portrays this phenomenon where the assumption is the newly improved technology doubles the amount of energy production for the same amount of fuel. It is important to note that this paradox only occurs for elastically demanded products. [28]

Figure 9: Jevons Paradox for Elastic Demand - Price vs. Quantity Scheme [29]
This paradox effects Kaya’s Equation massively. Alcott points out to the increase in fossil energy consumption of the world, even against the efforts to use energy more efficiently following the ’73 OPEC Oil Crisis. He states that although the oil production and consumption technologies have become hugely adjusted towards more efficient models, economic and population growth had counter-acted on the attempt of efficient oil consumption. [30]
Kallis meanwhile, underlines the strong relationship of GDP with CO2 emissions. Knowing the fact that current common understanding of “a healthy economy is a growing one”, he states the only time that the CO2 emissions ever declined lower since the beginning of the Industrial Revolution, was during the global economical crisis on 2008 where GDP also declined. According to him efficiency alone can not do the trick: this is not only due to the Jevons’ Paradox and its subsequent rebound effects, but because of our problematic relationship with growth. He stresses the necesity of a more holistic change in our understanding of economy; from impossibility of compound growth to our forced consumerist behaviour, change should take place not as “patchworked adjustments” but from within. He also argues that offering energy efficiency as a tool to mitigate CO2 emissions allowed bulking implementation of newer energy production facilities on top of the already existing ones, rather than substituting certain forms of them. This, in turn, attributed more to CO2 emissions put aside lowering them and created an illusions on society and policy makers. [29]

Figure 10: GDP to CO2 Emissions Since the '70s – Note the Decrease Around 2008 to 2009 Both on Emissions and GDP [29]
Wackernagel and Rees offer certain solutions in order to avoid the Javons’ Paradox on energy efficiency through implementation of government regulations. In their study, they argue that through taxation, regulation of higher emission standarts and other regulatory means, it is possible to keep fuel demand striving from energy efficiency under control and avoid Javons’ Paradox. Furthermore, in  case of ‘green taxation’, the tax collected from overuse of fuel should not be circulated back to the economy, but rather to be ‘invested back to the natural capital’, which will further mitigate the effects of climate change in a cyclic manner. [31]
On the other hand, Lovins expresses his indifference to Javons’ Paradox, claiming that there are interdependencies of Kaya Identity with the rebound effects. He examples newly emerging economies such as China or India are not exactly bounded by rebound effects since Javons’ claims considers only “matured or developed economies”. Newly emerging economies have the ability to build their newly needed energy infastructure according to the state-of-art levels of efficient technology, allowing them to actually decrease their energy demand with the application of energy efficient technologies. He lays emphasis on the fact of implementing newer technologies from scratch is rather easier, cost efficient and highly beneficial, than adjusting the already existing ones to a higher standart [32]
The reason for so much emphasis made on the criticism towards Kaya Identity, is to point out to the importance of lower carbon intensity and increasing carbon storage options. Although controversial, the specticism that surrounds energy efficiency shakes its validity in “CO2 mitigation toolbox”, and leaves decreasing carbon intensity and valorizing storage/utilization options as more sound options. As time progresses, scientific results are eliminating certains choices that has been made in order to eliminate CO2 emissions and bringing new horizons of solutions to our perspective on it such as these. The focus of this study – CCUS technologies, should also be considered in the light of these criticisms. Currently, the only discussion that does not draw any form of doubt, is our need to bring down the CO2 levels in the atmosphere lower than what it is today for better chances to our existance on our planet. Yet, as an oxymoron, the technological applications which can make this come true also haven’t ascended much beyond from the level of experimentation.




The main principle behind CO2 capturing is to seperate the molecules through a series of chemical processes; current applications are mostly focusing on heavy industry and energy generation sector, which have naturally high CO2 emissions. Roughly the process flow of these technologies constitute seperation, purification, transportation and storage of CO2. These processes mostly require certain extra steps to obtain CO2 in pure form, not to mention a preliminary need for energy. Applications on energy-intensive industries create a viable and cost-efficient solution for the energy need of these processes. [12]

Figure 11: CCS Components and Their Corresponding Technologies [12]
2.1.	Main Methods of CO2 Capturing
2.1.1.	Post-combustion capturing
Post-combustion capturing relies on the seperation of CO2 from the flue gas, which occurs after the combustion process of the fuel. The flue gas, which mainly constitutes carbon-dioxide, water vapor, sulfur dioxides and nitrogen oxides, then will be treated with certain solvents in order to capture the carbon-dioxide. Solvents used in these technologies are mostly liquid amines. Once the amine solvents react with CO2 in a seperate chamber in order to trap carbon-dioxide molecules, superheated steam will also be introduced to these molecules, seperating pure CO2 for storage and bringing the amine solvent back into the seperation cycle. [12]
Olajire suggests that this form of capturing technology could be used in the most the large scaled coal and gas power plants that exists today. Still, during its process he adds, the low concentration of CO2 within the stream translates to a need of high volumes of gas to be circulated which in turn demands major sized equipments and structures to be added/ constructed on the power plant. Following up his summary, he points out the high temperature of the flue gases also increase additional designing factors to the system, as well as the need of spesific chemicals which will be utilized in the capturing system brings extra challenges to the table. These disadvantages mean significant capital costs, which could create an initial unwillingness or rejection on the realization of the projects, yet there are space for options on cost-efficieny. [22]





Pre-combusting capturing aims to seperate CO2 before the fuel gets combusted. The main fuel will be heated with either steam, air or pure oxygen in order to form carbon-monoxide and hydrogen. This step is the “gasification” step. By reacting this mixture in a seperate chamber (a.k.a, “shift reactor”) with steam, additional hydrogen will be produced along with carbon-dioxide. From this point, CO2 and hydrogen can be seperated again where CO2 will be transported for storage and hydrogen to be treated as a fuel in order to produce electricity or to be used as a carbon-free energy carrier. [12].
Since hydrogen is considered as the combustion fuel, this method is suitable for industries which generates heat or electricity, as well as sectors that focus on production of fuel cells.  As oppose to post-combustion capture methods, pre-combustion have higher CO2 concentration but the amount of CO2 mass captured is quite lower. The main challenge on pre-combustion applications are the need of a special fuel processing system and the need for pure oxygen. Although the investment challenges are quite similar with post-combustion technologies, the costs of these are significantly higher for this type due to its requirements of auxiliary systems. Nevertheless, pre-combustion capturing has more potential for future use and this use is highly dependent on the future of the fuel-mix, spesificially on the penetration of hydrogen as a fuel. [22]

Figure 13: Pre-Combustion Capturing Diagram [11]
2.1.3.	Oxy-fuel combustion capturing
This capturing method depends on the combustion of the main fuel with pure oxygen, which is often obtained through seperation of oxygen from air. Since the combustion will be initiated solely by oxygen, resulting molecules will only have CO2 and water vapour. In order to obtain pure CO2, the vapour has to be cooled down (dehydration). For this purpose, the vapour could be used in order to produce power/ heat, or its heat could be rejected through a sink. Sometimes extra purification steps are needed for the gas mixture, in order to achieve a succesful seperation of CO2 since hundred percent pure oxygen is not always possible to be obtained from the air. Often this oxygen contain little amounts of pollutants and nitrogen. [12]
The main advantage of this capturing method is the high concentration of CO2 in the flue gas due to the main molecule used in the combustion process is pure oxygen. A complete seperation of oxygen from the air can also mean that there will be no NOX formation, but in practical terms this is not very likely to occur. Also, since the seperation relies solely on physical seperation of the molecules (both for oxygen and CO2), there is no need for solvents or additional chemicals which could bring down operational costs and solvent won’t be effecting the plant’s overall life-span. However, the heavy need of oxygen, especially on pure scale, is very energy intensive and generally expensive to obtain. [22]
Newer technologies could be a substitute for this method, such as use of membranes or novel oxy-fuel technologies. Membrane technologies are within the scope of this study, which in turn will be investigate throughouly in the following chapters.

Figure 14: Oxy-Fuel Combustion Diagram [11]
2.2.	Seperation Methods
The main reason that CCS technologies are not being widely applied in respective industries, is mostly due to their high capital, operational and maintance costs. Studies show that spesifically for electricity production, CO2 capturing can increase overall costs around 75% and beyond, might increase the cost of electricity generation up to 50% [33]. In the light of these facts, it becomes highly critical for which methods to be applied on which industry: assessing the technological basis of the respective CCS technology for the respective industries needs can bring down a certain amount of these cost, and is crucial in order for such industries to accept such investments. But still, the parameters effecting the choice of technology does not simply end there. For example in Olajire’s review touches on to this matter: Although there are almost no power plant applications, for CCS technologies to penetrate into electricity production sector the application should consider; (i) desired CO2 pressure, (ii) demanded amount of CO2 seperated from the stream, (iii) solvent type to be used depending on their characteristics (if chosen technology is based on solvents), (iv) environmental impacts that might derive from the tecnology used, etc. [22]
Researchers group CO2 seperation techniques on four categories: absorption, adsorption, cryogenic and membrane technologies. Some of these seperation techniques can also be jointly used, meaning that a membrane technology can also be using a checmical absorption methods within its cycle. For this reason, these categories should not be seen completely seperate and distinct from each other. Scientists are also working on even newer technologies such as use of electrochemical pumps and looping methods for CO2 sequestration, but none yet have ascended beyond laboratory levels. [18]

Figure 15: CO2 Seperation Techniques [18]
2.2.1.	Absorption
Figure 16 represents a flow chart for absorption process of CO2 from the flue gass. The step-by-step explanation of the process is;
i)	In order to be processed, the flue gas first will be cooled in a feed gas cooler, around 45 oC.
ii)	Cooled gas stream will then be directed to the absorber (also refered as ‘scrubber’) where the absorbent solvent lies. Generally, these solvents have a certain physical or chemical character that reacts with CO2’s acidic nature.
iii)	The solvent absorbs CO2 and seperates it from the flue gas. This flue gas will be taken out from the cycle, while the solution containing CO2 will be sent to a heater.
iv)	CO2-rich solution will be heated in order to break the chemical bonds between the solvent and CO2. Heated mixture will be directed to a stripper.
v)	In the stripper, CO2 and the solvent will be seperated. The solvent will be recycled back to the absorber and CO2 to will be compressed and cooled.

Figure 16: Schematic for the Absorption Process [18]
As the description of the process outlines, there are many steps of cooling, heating and compressing in absorption methods which makes them highly energy intensive. Adding the fact that they mostly are applied on post-combustion, the energy demand of the whole seperation methods becomes even more increased, making them high on cost. Knowing the fact that post-combustion technologies are one of the most applicable form for the industry, the future of this seperation technique lies on lowering the energy demand (thus the cost) by using different solvent with much higher energy efficiency, using lower energy per mass solvent or per mass captured CO2. [18]
The sub-categories of absorption technicque are physical absorption and chemical absorption. Physical absorption mostly uses organic solvents which does not chemically engage with CO2 (or any given acidic gas) but rather capture it in physical manners. Chemical absorption on the other hand does involve chemical reactions and benefit from CO2 acidic nature by initiating a acid-base reaction in order to transport CO2 capture in salt form. [18][22]
2.2.2.	Adsorption
Adsorption is the phenomena of a gas/ liquid substance to shift from its current state under certain pressure and temperature conditions to cling onto a solid material (adsorbent). Thermodynamical values vary for different molecules, but general process of adsorption rely on removal of CO2 from the gas stream by it attacment to the sorbent and sorbent’s subsequent regeneration (desorption) to release the capture CO2 on appropriate conditions. While the adsorption effect generally takes place on contact (or in reaction distance), regeneration generally needs another spesific condition to take place. Regeneration of the adsorbent could be achieved by working on environmental conditions such as pressure and temperature, as well as electrifying the adsorbent or cleansing it. [22]

Figure 17: Certain Methods of Adsorbent Regeneration (Desorption): (a) Heating  (Increased Temp.), (b) De-pressurizing (Decreased Pressure), (c) Applying Vacuum (Decreased Pressure), (d) Electrifying (Applying Electricity) [18]
Adsorption techniques have the potential to reduce seperation costs. But there are a variety of factors to be considered in determining which type to use. Classically, an adsorbent with good standarts should have a high selectivity, high adsorption capacity, good regeneration capabilities, stability after regeneration cycles and posses good thermal/ mechanical stability. [18]
Like absorption, adsorption also have two different categories: chemical adsorption (chemisorption) and physical adsorption (physisorption).
In chemisorption, a chemical reaction will take place between the flue gas and the adsorbent. This chemical reaction often occurs on the surface but can also happen a very short distance from the surface. For this purpose the most common choice of materials are metal oxides (CaO, MgO) but attention also been paid to different materials such as metal salts from alkali metal compounds (lithium silacate, lithium zircorate), hydrotalcites and double salts. Calcium Oxide (CaO) has been quite a popular choice for adsorbents due to their high adsorption capacity and material availability. CaO is a by-product of cement industry (limestone), which makes it even more commercially attractive since it can mutually work together with the post-combustion process and the following seperation/ storage of CO2. General principle behind CaO adsorption (or broadly, metal oxide use in adsorption) is to produce a calcium carbonate (CaCO3) in a carbonation reactor while reacting CO2 with CaO in high temperatures. Due to adsorbents regenerative aspects, this reaction is reversible (a cycle), hence CaCO3 can be broken down into CO2 and CaO again in order to capture pure CO2. [18] [22]

Figure 18: One Example to Carbonation Cycles; Reuse of Limestone (CaCO3) in Cement Industry. Note that the process is reversible. [34]
In physisorption there is almost no chemical disturbance upon the adsorption process. Most commonly used CO2 adsorbants with physiorptive properties are coal, activated carbons and porous materials such a zeolites. Coal and activated carbon materials have quite a lot of advantages such as high adsorption capacity, availability, low cost and low energy requirements for regeneration. But their capabilities on selectivity is very low, making them quite difficult to utilize in seperating pure CO2. In other words, these adsorbents tend to capture nitrogen, sulphure based substances, as well as other pollutant which interfere with the purity of CO2 for storage and also disturb the life-span of the adsorbent. Zeolites on the other hand, do offer a better selectivity due to their porous properties, but most of these material are either very expensive, are still on R&D level or not all the time commercially available. Modification can also be done on these materials in order to alter their disadvantages: nano-technology applications can be implemented, especially on activated carbon, to further increase its selectivity. Another way to modify adsorbents is to partially cover the adsorbent surface with other materials which has base characteristics and use a hybrid adsorbent model, where the new adsorbent is more reactive towards the acidic state of CO2. [18] [22]
2.2.3.	Cryogenic distillation
Cryogenic distilattion uses way below 0 oC temperatures in order to seperate CO2 from the flue gas mixture. After a series of processes and by exploiting the condensation temperatures of the gasses within the flue gas mixture, it is possible to obtain CO2 directly in liquid form (CO2 condensates at -77,5 oC, nitrogen -210 oC, sulfur dioxide in -10.1 oC etc.). It is a relatively uncomplicated technology since it does not necesitate the use of solvents or extra components and can easily be upgraded into industrial level implementations. Compared to use of amines as in absorbtion methods, cryogenic distillation is a lot more efficient in terms of captured CO2 per mass in flue gas per mass. Plus with this technology, it is easier to store and transport CO2 due to its liquid form, which can make it an attraction based on location (i.e. built along with an oil refinery, CO2 could be used for enhanced oil recovery – EOR.). Yet, the need of energy for cooling and condensing efforts are quite high along with the extra need of energy in keeping CO2 in a steady liquid state. Furthermore, the inlet flue gas has to have very high pressure for the operation of this technology, which makes it impossible to apply it in post-combustion technologies and rather narrows it down only to oxy-fuel. [18]
In their experimentation, Tuinier & Sint Annaland & Kuipers summarizes one form of cryogenic applications, remarking on three processes working paralel with each other simultaneously: capture, recovery and cooling. Flue gas assumed to be consisting of N2, H2O and CO2. In capture cycle, inlet flue gas will be fed to the capturing belt at a high temperature and the mixture will start to coold own. During this process, hot H2O will start to condense on the surface of the packed belt. At the same time, previously condensed H2O within the packed belt will start to warm up and evaporate due to the hot flue gas, effectively moving the condensed H2O towards the outlet. This progress will take place continously during a temperature equilibrium until all the H2O will be removed from the packed belt. Afterwards, existing flue gas will cool down further until solidifaction point of CO2. At atmospheric pressure, CO2 will directly solidify from gas phase and will start to deposit on the surface of the belt just like H2O before. Another temperature equilibrium will be reached and during that time CO2 will be removed from the belt for further processing. N2 will not undergo any phase change unless if the temperature will be decreased to very low levels (around - 200 oC) (Fig. 19 a). In recovery cycle, all CO2 will be seperated from H2O. This cycle is almost a repetition of the capturing cycle; differences being the lack of N2 and a lower inlet temperature than before (somewhere between the condensation temperature of water and solidification temperature of CO2). Through heat (which will be supplied from rejected heat from the capture process) the process will be repeated, so that pure CO2 will start to deposit at the surface belt, be sequestrated and transported under compression. H2O will be removed during this process both to be recycled back into the system and to cool the recovery bed simultaneously (Fig. 19b). In the cooling cycle, the packed bed will be cool since it has been previously refrigerated. H2O will be evaporated and subsequently removed from the bed. The clean N2/ H2O mixutre originating from the flue gas can be released into the air and the H2O from the previous beds will keep being recovered until they’ll be returned to their respective chamber (Fig. 19c). [19]

Figure 19: Temperature and Corresponding Mass Deposition Profile of Cryogenic; (a) Capture, (b) Recovery, and (c) Cooling Cycles [19]
2.2.4.	Membranes
Briefly, membranes are materials that have spesific selective abilities for different molecules, used mostly in order to seperate mixed materials in fluids from each other. They can come in various categories; but mainly based on their material type they could be organic (polymeric) or inorganic (carbon, zeolite, ceramic, metallic), and based on their structural from they could be porous and non-porous. [22]
Membrane process can be applied to post/ pre/ oxy-fuel combustion methods, with one remark on efficiency when applied to post-combustion: due to the inability of the membranes to operate under low-pressure feeds, post-combustion applications needs certain modification. [22] 18]
Relative to the other seperation methods, the principle idea behind membrane seperation is very simple, they are compact and can be controlled/ operated with high functionalities. Plus, they also tend to process the flue gasses relativly clean and have the possibility to be easily implemented both on laboratory and industrial scale. Yet, attention should be given on their selectivity parameters since they could be insensitive towards NOx or SOx filtering. Also the researches point out their lack of efficiency on high flow applications. [22] [18]
Membrane seperation technologies are the main focus of this study. Thus, they will be analysed in detail in following chapters. 

Figure 20: Principle Schematic of a Membrane (on Left) and Parts of a Hollow Fibered Membrane (on Right) [35] (​35%5d​) [36]
2.3.	Utilization
Utilization on CO2 could be categorized into two groups: (i) Chemical conversion of CO2 into other substances, or (ii) direct use of pure CO2. Table below lists these categorize with their sub-groups, refering to the industries, products or processes they can be applied upon.

Figure 21: Carbon-dioxide Utilization Methods [11]
Common realized projects in the industry mostly focuses on non-conversion technologies. The main reason for that could be summarized as a “win-win situation”. Maintaining CO2 trapped in someway (which could be considered a part of storage) could at the same time mean its utilization. An applied example for that lies in the fossil fuel industry; where CO2 produced by the fossil-based plants could be captured and used in order to mine the same fuel from its source more efficiently. This process is called “enhanced recovery” and its main principle is to pump the CO2 back in to the fossil source reservoir in order to extract more of the resource, at the same time to trap and store the CO2 in the existing empty reservoir (geological sequestration) [13]. Using CO2 as working fluid seems to become a hot topic as well, especially the with the increase of R&D on supercritical CO2 power cycles to increase efficieny in electricty generation. [11]
Other conversional applications of CO2 are not as common as the non-conversional methods. Albeit the possible obstacles in their future, mainly their cost, conversion methods in energy could find a certain space in green energy. As mentioned previously, pre-combustion capturing can produce syn-gasses which in turn be used as fuel. Certain fields such as aviation and maritime industry can also benefit from such application for their fuel blends. Conversion methods in feedstock can also support many industries, spesifically if they are used as aggregates, as agricultural products or as binding material for civil industry. Still, the costs are far away from any profitable equilibrium. Plus, very thorough LCA studies should be carried out in these fields in order to fully investigate whether they actually have a negative-emission effect. [11]
2.4.	Storage
Today, the most common forms of carbon-dioxide storage are depleted oil/gas reservoirs and saline aquifiers. IEA still notes down depleted reservoirs as the primary storage form, due to Enhanced-Oil-Recovery (EOR) methods date back to 1970s (which over the course of time, ventured through heavy R&D and know-how), deep saline aquifiers are also being in use, especially in Norway. [11]

Figure 22: Simplified Figure of "One North Sea" Project, Pointing Out Implementation of Different Storage and Transportation Forms [11]

Operational principle of depleted reservoir storage have been briefly mentioned previously (on the topic of EOR). Reservoir constitutes porous rocks which can capsulate heavily pressured and dense CO2, while the upper and lower geological layers of the reservoir function as a “cap”, sealing the carbon-dioxide in its pumped form. This method could also be used in order to extract more resource from the reservoir itself. [12] Saline aquifiers, which are located both on land and on sea-bed, involve liquids mixed with various salts (brine); these salts have the ability to react with CO2, incapsulating it chemically and creating bigger particles which can not escape back to the athmosphere [14].

Figure 23: Schematic Diagram of CO2 - EOR [11]
Although applied and proven useful, there are certain drawbacks of these storage methods. For depleted reservoir applications, Climate Vision’s report points out to certain leakages to the surface or to various layers of the soil resulted with higher levels of plant mortality, reduced agricultural growth, damage to the local ecosystem and degradation of soil. Similar remarks have been made in the same article for saline aquifiers; especially due to the lack of research on off-shore applications, it is noted that possible unforeseen complications might occur [15]. 








The study has touched briefly upon the membrane technologies, their character, uses, advantages and disadvantages previously on Chapter 2. This chapter is dedicated for a deeper analysis of the membrane seperation technology.
Dictionaries suggest the meaning of a membrane as ‘a thin layered material that is able to prevent or allow the transportaion of certain particles from one part of the layer to another’. Gao’s definition of membranes is a lot more spesific for the sake of this study; Gao points out the newly developed membranes have spesific abilities on seperating certain materials contained in a mixture, using their physical structure according to the desired outcome of the applicant. This mixture seperation can happen between gas-to-gas, gas-to-liquid, liquid-to-liquid and -in certain applications, bubble-to-liquid. As mentioned before, the process is externally controllable, meaning that the application could be done in different environmental and internal parameters such as temperature, pH value, pressure, mass flow, time etc. There are also different forms of membranes available with different abilities and structures, as mentioned in previous chapters. Depending on the application, certain membranes can be used not only to selectively seperate certain components, but also to reject some altogether [17].
3.1.	Terminology
There are a set of terms which will be repeated throughout these chapters, which constitutes a huge portion of the membrane technology terminology. To avoid being lost, these repeated terms will be explained first before getting into detail of the technology.
	Feed: Solution to be seperated, feed fluid.
	Permeate (Filtrate): Fluid that passes through the membrane, desired material for seperation.
	Retentate (Concentrate): The retained fluid; basically feed without the permeate.
	Permeate Flux: Rate of extration of permeate through the filter. Meaning the amount of fluid passes through the surface area of the membrane per unit time. Can be represented with as liter per square meter per hour (L/ m2/ h).
	Membrane Fouling: Solids getting deposited in and around the membrane which harms its functionality. This term represents the complications on the seperation process such as inefficient filtration, increased pressure on the membrane surface, blockages, leaks, etc.
	Cake Layer: Accumulation of debris on the membrane surface.
	Permeability: Flux of a spesific fluid through the membrane.
	Selectivity: Ability of  the membrane to allow the filtration of certain materials over others.
	Diffusivity: Mobility of molecules within the membrane.
	Solubility: Ability to be dissolved in a liquid.
	Ideal Selectivity (α): Selectivity of the membrane for one fluid over the other [37]
3.2.	Certain Transport Mechanisms for Membranes
The types of material transportation has certain principle basises’ that benefits from one aspect of the nature of the materials involved, which could be summed up in three categories; (i) by molecular weight (Knudsen Diffusion), (ii) by surface interactions (surface diffusion, capillary condensation), and (iii) size of the molecules (molecular sieving). [38]
Knudsen Diffusion exploits the difference between the pore diameter of the membrane (d) and the average free travel path of the molecules involved (λ). The theory here lies on the fact that the mixed molecules would not collide with each other, rather with the walls of the pores in order to travelling almost as if they are bouncing on the surfaces. For this event to take place, λ should be way larger than d; preferably where λ/d to be much higher than 1. The free travelling ability of the molecules are based on the partial pressure of the feed, which allows the control of this phenomena through either concentration of the molecules in the mixture or the pressure of the mixture. [38]
In surface diffusion, molecules get adsorbed by the pore walls of the membrane. Due to the high concentration of selected molecules at the inlet of the pore, pore inlet will have a higher partial pressure, allowing these molecules to travel to the outlet of the pore where the partial pressure is lower. This travel will mostly take place upon the pore walls depending of the polarity between the pore wall and the molecule. For this type of transport, a difference in molecular weight or polarity is neceseary, in order for both molecules to not to behave similarly so they can be selectively seperated. Also in certain modified applications, the concentration of one type of molecule at the inlet can block other types of molecules’ entry to the pore, thus further increasing the selectivity of the membrane. This transport process can be controlled through temperature, pressure and the characteristic values of the pore surface and the molecules. Pore surfaces can be further modified for spesific adsorption and transportation abilities. [39]
Multilayer diffusion and capillary condensation generally explained together since both phenomenas can occur simulteanously and generally they are the causes of each other. These transportation methods are pressure controlled, where the ratio of absolute pressure with saturation pressure (also called as ‘relative pressure’) of the vapor is the most definitive one. To simplifiy, one can interpret multilayer diffusion as a derivation of surface diffusion; they both lay on similar principles of adsorption, with one difference where multilayer diffusion is “a compound series of surface diffusions”. In surface diffusion, as mentioned earlier, adsorption will take place only on one layer (mainly on the pore wall) where in multilayer diffussion, the selected gas(es) can diffuse not only on pore walls, but also on top of each other (or on top of other gasses) to conduct the adsorption process. There are two main operation models for multilayered diffusion; (i) Hydrodynamic model, where the molecules will be considered as if they follow on a single line throughout the surface, and (ii) Hopping model, where the molecules will jump from one point to the other. Capillary condensation could be considered as a critical point or a boundary condition during the multilayer diffusion. As the molecules start to diffuse within the pores, they might end up piling at the inlet of the pore. The accumulation of these molecules can result in a condensation of the vapor, resulting in fluid formation and its subsequent transportation. Figure 24 capture the general process of multilayer diffusion depending on permeability and relative pressure. Note that small figure #2 represent the fluid formation at the inlet of the pore (capillary condensation) and this occurs where the permeability is maximum. After this, due to increase in fluid formation at the pore, transportation of the fluid starts where pressure will keep increasing and transporting the fluid to the outlet of the pore. At the same time, due to the blocakge at the inlet of the pore, selectivity will start to decrease, resulting the in gradual drop on permeability. [40]

Figure 24: The Permeability and the Relative Pressure Diagram of the Pores. Figures on Top Represents the Pores. At Maximum Point (#2), Capillary Condensation is Formed at the Inlet of the Pore. [40]
Molecular sieving, as the name suggests, depends on the sheer size of the the molecules. Pore diameters will be chosen based on the size of the molecule that is desired to be permeated. This way, larger molecules will be rejected, allowing the travel of the spesific molecules as filtrate. This method has very spesific and high selectivity, if tuned correct. Yet, this tuning process of the membrane pores demands careful labor for effectiveness of the membrane, which can increase the production cost of the membrane. [38]

Figure 25: Some Transport Mechanisms: Knudsen Diffusion, Surface Diffusion, Molecular Sieving and Capillary Condensation (Counter-clockwise) [38]
Another common form of a transportation method is called solution-diffusion (or diffusion solubility). This method’s use is widely accepted for membranes, especially for non-porous ones. This method exploits the differences of solubility and diffusivity of the molecules in the mixture. Due to this, even similar weighted, sized or shaped molecules can be seperated from each other. This solubility – diffusivity phenomenas occur withing the membrane contractor and are controled by pressure. Outside of the membrane, both on feed, retentate and permeate sides, pressure is also used not only for control purposes but also to act as the main transportational function. Usually, permeate side will have lower pressure than feed side, allowing the filtered molecules to travel. Thus, this operation is a “pressure-based transportation”. The operation principle of the method is quite straighforward: the mixture will be absorbed into the membrane from the feed side, then depending on their solubility – diffusivity characteristics the mixed molecules will be seperated and lastly, selected molecule(s) will be guided towards the permeate through desorption. [38][41]
Figure 25 picture the scheme of the transport. Mathematically, Fick’s Law is used for the description of the transport.
Ji = (Pi / I) x Am x (xi.pf – yi.pp) = (Pi / I) x Am x Δp
Where;
i)	[Ji]: The flux the respective molecule ‘i’
ii)	[Pi]: Permeability value of the molecul ‘i’
iii)	[I]: Thickness of the membrane
iv)	[Am]: Surface are of the membrane
v)	[xi , yi]: Moles of the molecule on feed and permeate side, respectively
vi)	[pf , pp]: Partial pressure of the molecule on feed and permeate side, respectively. [22]
The formula here describes the flux of the molecule is based on the weighted pressure difference of the molecule, the volumetric parameters of the membrane and the permeability constant of the membrane. Permeability constant is represented as such;
P = DS
Where; 
i)	[P] : Permeability constant of the membrane, a measure of the flux of the membrane
ii)	[D] : Diffusivity constant, a measure that represents the mobility of the moleculues.
iii)	[S] : Solubility constant, a measure that represents the solubility of the molecules within the membrane.
This formulate also states the ethimology of the name of the method; where permeability is the relationship between the diffusivity and solubility. 

Figure 26: Molecule Transportation on Solution- Diffusion Method [41]
It is important to note that a key difference between these transportation methods are the inverse relationship between their selectivity and flux. For instance, a demand for high selectivity, such as in solution – diffusion, does ultimately mean a lower flux and in turn longer time needed for seperation. Vice versa is also valid, where Knudsen diffusion might take less time for transportation, but it is very likely for impurities to take place. This is one important aspect of choice and design of the membranes.
3.3.	Membrane Classification
3.3.1.	Polymeric Membranes
Polymeric applications generally composed of polyacetylenes, polyonilines, polyarylates, polycarbonates; shortly, similar fashioned long-chain carbons. Their most usual applications are in non-porous from, benefiting from solution – diffusion mechanism, but there are also other porous applications that operate with molecular sieving or Knudsen Diffiusion methods. [18]
Polymeric membranes can be grouped in two forms: Glassy and rubbery. Glassy polymeric membranes usually gets used due to their good characteristics on selectivity and their overall material endurance. Rubbery membranes although are soft and elastic. The main difference between them is based on permeability and selectivity. There is an inverse ratio between permeability and selectivity on types of polymeric membranes. Glassy membranes have high selectivity, but low permeability. And for rubbery membranes, vice versa is valid. [18]
Even though they are easy and less costly to produce, their main drawback is about their polymeric nature: they do not operate well under high temperature and can malfunction in such conditions, which makes them hard to after exothermic reactions (such as post-combustion capturing). Also, if used for CO2 seperation, they tend to chemically react with CO2 and become plasticized. [22]

Figure 27: A Polymeric Hollow Tubed Membrane and Its Schematic Design [42]
3.3.2.	Inorganic Membranes
These type of membranes could mobilize various type of molecular transportation from Knudsen diffusion to molecular sieving and in some cases, even solution-diffusion. Inorganic membranes can also be seperated into two groups: Porous and non-porous.
Porous inorganic membranes are made mostly from zeolite, silicon carbide, carbon, glass, zirconia, titania and alumina, and they wrapped around a supporting structure from certain modified metals or alloys. Zeolite membranes have quite importance among this type due to their rare properties. Their crystalline molecular form help these membranes to be very stabile thermally, mechanically and chemically. They also form very uniform pores which could go as small as molecular dimensions, making them quite an effective candidate for molecular sieving.
Non-porous inorganic membranes generally use very dense and rare metals; paladium, zirconia and their alloys could be considered as examples. [18][22][38]

Table 2: Comparison of Different Seperation Technologies [18]
3.4.	 Membranes Categories Based on Their Structure
3.4.1.	Tubular membrane design
In this structure, the tubes that connect feed with retentate have a porous design. These pore are picked in the size of the particular material to be filtrated. As the mixture will start to travel through the tube, these pores will allow the transport of the chosen molecules on a perpendicular axis as oppose to tube walls. Individual permeates of the tubes will be collected on the shroud of the structure and will be dripped from the permeate outlet. The rest of the mixture, will be conducted towards to other side of the tubes to the retentate outlet.
These designs can use polymeric and ceramic membranes. For an efficient filtration, usually there will be more than one membrane alligned paralel to each other, allowing more fluid to flow thus more materials to be filtarated. The operation is a pressure based one; so pressure on both sides of the tube is important to note, as well as mass flow and temperature. Figure 28 below shows an example of “Shell and Tube Arrangement” for the membrane box, where many tubes alligned paralel to each other are stabilized by an outer shell.[37]

Figure 28: A Schematic of a Tubular Membrane, Using Polimeric Membranes, in “Shell and Tube Arrangement” [37]
3.4.2.	Plate and frame membrane design
In this design, a large number of membranes will be used in cooperation with each other. Unlike in tubular form, plate and frame form allows the flow of liquid mixture to pass several times from the membranes, over the course of its travel. The feed flow and retentate flow happen in different channels in order to maximize the amount of mixture filtrated. As the flow will travel from the feed channel to retentate channel, it will move paralel from a membrane and chosen molecules for filtration will be guided inside of the membranes. The membranes act as one-directional tubes, transporting the permeate to the permeate outlet which is completely seperated from the system. The membranes and flow channels can be constructed in paralel or in combination (paralel + serial) to each other, depending on the sequential filtration demanded, which gives the application a level of flexibility on design.
Typically these systems use membranes with 50 – 500 μm sized pores and utilized in reverse osmosis and ultrafiltration applications. These forms of applications will be described on the following chapters. [37]

Figure 29: A Schematic of a Plate and Frame Membrane Design [37]
3.4.3.	Hollow fiber membrane design
As the name suggests, hollow fibers are used in the structure of this applicatiın. These hollow fibers act as membranes and arranged in bundles together. As the feed will enter to the system, it will contact with one side of the fiber wall perpendecularly. On contact, permeate will be filtered and filtrated molecules will start to travel inside the fibers towards the permeate outlet. Remaining mixture (retentate) will not enter to the fibers, and will keep travelling outside of the fibers towards the retentate outlet. Occasionally, the feed and retentate flow will be reverse for a short while in order to open up blockages on the fibers due to long filtration processes.
The hollow nature of the fibers enables them to be bundled easilly and in different combinations. As they could be bundled as a whole, they could also come in fragments of bundles which can be very useful for the maintance of large scale applications, especially during the renewal of the fibers. Plus, the elastic form of the bundles gives a certain level of flexibility for the designing process, giving the chance for applications to be modified depending on demand. [37]

Figure 30: A Schematic of a Hollow Fiber Membrane Design [37]

3.4.4.	Spiral wound design
The main advantages of this structure, is their multi layered compact form and larger membrane surface area per unit mass (or volume) of fluid. 
In this application, membranes will be produced in sheets and folded into two (or more). The folded sheets will be seperated by a spacer, where the feed flows. These layered sheets then will be added and glued into a folded, two (or more) layered “permeate spacer” and the outlet of the membranes will be connected to a common permeate tube. After this sheeting process, the structure will be rolled around the common permeate tube. Thus, allowing the filtrated molecules to travel inside the permeate tube towards the permeate outlet. Retentate won’t be able to penetrate inside the common permeate tube which is centered around the filtration sheets, instead will travel within the spacers rolled around each other and will exit towardsd the retentate outlet. In this application, retentate and permeate outlets are paralel to each other. [37]

Figure 31: A Schematic of a Spiral Wound Design [37]


3.5.	Membranes Categories Based on Their Operational Driving Force




Gao’s work seperates the pressure driven operations into four sub-categories: (i) Microfiltration, (ii) Ultrafiltration, (iii) Nanofiltration, and (iv) Reverse Osmosis. These sub-categories are based on the pore size, varying from μm scale to ηm scale [17]. These filtration processes mobilize a membrane system and their structure could either function on a cross flow or dead-end form. In dead-end, the feed will directly collide with the membrane surface: selected molecules will manage to penetrate through the membrane and become the permeate, while the rest of the substances will bounce back and retentate will occur. Since this process mixes feed and retentate on the same side, membrane fouling such as formation of cake layers are quite often. In cross flow, feed will engage with the membrane but retentate will not bounce back and mix with the feed as in dead-end model, instead it will continue its flow towards a different “retentate outlet”. [43]
In most of the reviewed experimentations done within the scope of this study, the pore sizes were chosen for membranes mostly varied from 70 ηm to < 1 ηm. Thus, these experiments lie within the boundaries of nanofiltration, which is utilized on the seperation of certain carbonated salts of Ca, Mg, Si etc. The type of salts produced within the process in order to capture CO2 for these experiments, would be elaborated more thoroughly in the following chapters.

Figure 32: Four Types of Common Pressure-operated Membranes in Food Industry [37]
i)	Microfiltration (MF): Microfiltration could be considered as one of the most coarse way of filtration. It is a pressure driven one, exploits the pressure difference between the inlet and the outlet for the transportation of the fluids. The pore size for microfiltration is between 0,1 – 10 μm, which also dictates the size of the molecules for seperation. MF usually used as a pretreatment step in water purification. It is also used in microorganism removal from fluids and seperation of bacteria with certain proteins in food industry. MF processes generally used in conjuction with nanofiltration, ultrafiltration or colugation/adsoprtion processes in order to avoid membrane fouling, especially for membranes with smaller pore sizes. [17]
ii)	Ultrafiltration (UF): Essentially, UF has the same operational principle with MF. Pore size for membranes are between 0,005 – 0,1 μm. In medicinal field, dialysis process for blood or urine treatment uses UF. Also in dairy industry, especially in cheese production, seperation of proteins with fat utilizes UF in order to fully sequestrate  whey with lactose. Together with MF, UF can also be utilized in wastewater treatment to increase water quality (e.g. chlorination can be utilized this way) or to create purer end-products. [44]
iii)	Nanofiltration (NF): Operates with pore sizes between 0,5 – 10 ηm, which is smaller than UF and bigger than reverse osmosis membranes. NF is utilized in water softening and decoloration by filtrating certain elements such as Ca, Mg and Cu. Also used in tar filtering in oil and petroleum industry. In medicine, it has the ability to extract proteins and fats that exists in cells, blood and bodily organic fluids. [17] [45][37]
iv)	Reverse Osmosis (RO): To define reverse osmosis, a definition of osmosis is neceseary. Osmosis takes place between two solutions with different concentration levels, seperated with a semi-permeable membrane. In these applications, such membranes have pore sizes <1 ηm. In this setup, the solutions will try to reach to a pressure equilibrium: diluted solution will start to flow fluids towards the concentrated solution in order to achieve the same concentration level. This is called “osmosis”. In static forms, concentrated solution will eventually have a higher amount of liquid compared to the diluted solution. The pressure at this equilibrium is called “osmotic pressure”. If a pressure, higher than the osmotic pressure will be applied to this equilibrium, the fluids will start to flow on the opposite direction in a similar fashion. This process is called “reverse osmosis”. Depending on the selectivity of the membrane, certain molecules will be seperated by the membrane during this process. RO very commonly used in water purification; allowing the seperation of certain ions such as potassium, sodium, zinc and calcium along with viruses and bacterias from the water itself. [17] [37]
3.5.2.	Electric potential driven operation
As the name suggest, an electric potential is utilized in this operational form. The membrane process operates under a eletrical potential difference, facilitating the mobility of charged ions/molecules to create a current (or particle flow). Charged electrode are mostly used for this matter but membranes can also be charged at the same time. Positive ions (cations) will migrate towards negatively charged electrode (catode) and negative ions (anions) will migrate towards the positively charged electrode (anode). If the feed also includes neutral particles, these particles will be uneffected, allowing a possibility of seperation based on electrical charge. 
If the membranes are charged, they are categorized into two: the exchange of cations will take place in a “cation-exchange membrane”, which is a negatively charged membrane and the exchange of anions will take place in a “anion-exchange membrane”, which is a positively charged membrane. The transportation mechanism that these membranes utilize is called “Donnan Exculsion Mechanism”, where the presence of static ions within the ion exchange membrane lowers the concentration of transit ions [45]. Electrodes and charged membranes can be arranged in several forms, which paves way to different methods of seperation in this category.
i)	Electrodialysis: Uses electrically charged membranes for feed sequestration. Membranes will be placed between electrodes in an alternating pattern. Without the existence of DC electrical potential applied on electrodes, feed solution will not seperate. When potential is applied, ions will start to flow towards their respective electrode and in between, will be repelled/transported by the charged membranes (depending on the charge of the ions and the membranes). This way, the feed will start to seperate into ionically rich and ionically poor concentration flows. Ionically rich solution can also be seperated based on their negative or positive charges. Membranes chosen for this form of electrical operation should have high selectivity, high electrical conductivity, high mechanical strength and moderate degree of swelling. Some areas of application could be exampled as desalination of water, desalination of food and pharmaceutical industry, seperation of amino acids and production of salt. [46]
ii)	Membrane Electrolysis: Membrane electrolysis could be considered as a combination of the electrolysis process with membrane(s). Under the presence of an electic potential difference, charged cation/anion (or both) exchange membranes will be placed inside the system, depending on the the desired particles of seperation.  As the molecules are introduced to an aqueous environment, ionization starts, seperating the particles from the molecules into ions. Under the potential difference, these ions will dissepate into their respective sides of charge (cathode/ anode) while at the same time passing through a single or multiple layers of cation/anion exchange membranes to sequestrate desired particles or to form new products. [46]
iii)	Fuel Cells: Since their operational process is quite similar to the aforementioned processes, fuel cells could also be considered under this group. They utilize an exchange membrane working under a potential diference. The product here is the electicity itself due to the discharge of hydrogen molecules and their subsequent ionization. [46]
Figure 33: Different Types of Potential Difference Operation: (i) Electrodialysis, (ii) Membrane Electrolysis, and (iii) Fuel Cells (From Left to Right) [46]

3.5.3.	Thermally driven operation
Temperature difference could also be utilized as a driving force, since such difference will a create a flow of heat from high temperature to low temperature space, according to the laws of heat convection. Fourier’s Law expresses this flux of heat as such;
Jh = - λ . dT/dx
Where Jh represents heat flux, λ represents materials thermal/heat conductivity constant (a constant representing the ability of the material to transport heat) and dT/dx represents the difference of temperature in space (in this case, the membrane pores).
This heat flow may also cause a mass flow aswell, which is called thermo-diffusion. 
This operation mostly takes place in liquid seperation or in gas-liquid mixtures. Important aspect here is for the membrane to be porous and should not get wetted by either of the liquids since this will cause capillary forces to take place and effect the seperation process. Temperature difference between the liquids on different sides of the membrane will cause a pressure difference, which in turn will allow the vapours to flow from high temperature (or high pressure) side to low temperature (or low pressure) side. Some examples of application fields of this operation are laboratories, semiconductor industries, pure water production, fermentation products etc. [46]

Figure 34: Schematic of a Thermally Driven Porous Membrane [46]

3.5.4.	Concentration driven operation
Principlewise, concentration driven operations are quite similar to pressure driven operations. However, dialysis, gas seperation and perveporation show signifacnt differences under this topic, thus will be explained a bit more thoroughly.
First thing to state is that concentration driven operation also relies on diffusion: particles flow from the high concentrated areas to low concentrated areas. With the utilization of a membrane, sequestration becomes possible in this operation. Due to the variety and detail of this operation, a simple grouping should be made based on the type of membrane used for the seperation process, which translates into the structure and functionality of the operation. In that sense, use of synthetic solid membranes or a liquid as a membrane are valid topics to identify and analyze concentration driven operation.
i)	Gas Seperation: Takes place within the seperation of gaseous particles. Could be achieved whether porous or non-porous membranes. Mainly, the choice of the membrane effects the form of the flow. While porous membranes rely on a gas flow based on Knudsen flow (dependant on Knudsen diffusion coefficient), non-porous membranes rely on the permeability differences of gasses explained through Fick’s Law. Gas seperation can be utilized in dehydration, seperation of organic vapours from air or seperation of acid gasses from flue gasses.
ii)	Pervaporation: Applied for liquids contacting the membrane for seperation, pervaporation exploits mass and heat transfer at the same time. Simply put, liquid arriving from the feed side will contact the membrane while the permeate side has lower vapour pressure. This lower pressure could be achieved either by introduction of other gasses or by vacuum. This pressure and concentration difference will result in the particles to not only be seperated, but also to change phase. As the liquids reach to the membrane, they will vaporize and will be filtrated from the membrane in vapour form.
iii)	Dialysis: In this process, seperatioın method exploits the molecular size and solubility difference. These parameters directly effect diffusion rates of particles, thus allowing nonporous membranes to utilize this diffusion rate difference into sequestration. Dialysis is mostly used in order to seperate particles based on their molecular weight: namely, to seperate lower weighted particles from their higher weighted counterparts. In “ordinary dialysis”, particles should be neutrally charged in order to be seperated since charged particles will follow the “Donnan Effect” of diffusion. If the particles (or the membrane) is charged, a submethod “diffusion dialysis” will take place. Dialysis is heavily used in the medical field, especially on hemodialysis which is the purification of blood from harmful substances, as well as recovery of alkalines in pulp and paper industry and in food sector. [46]









CO2 mineralization is a process consisting chemical reactions of CO2 with spesific substances (mostly alkali metals like calcium, magnesium, iron, potassium, silica etc.) which are present in alkali-rich underground minerals and rocks, or in certain industrial wastes/ pollutants, in order to trap and store/utilize CO2 in solid form [47]. As mentioned earlier, it falls under the conversion category of CO2 utilization, but since most of the research and application have managed to keep CO2 in geologically stored form, it can also be considered under storage category. Studies have being conducted for geological storage of CO2 underground for many years, due to the EOR methods which are still being heavily applied in oil industry. As a reminder; principle idea of EOR is to recover remaining oil within the semi-exploited wells, while at the same time storing CO2 in underground porous mineral rocks such as olivines (Mg2SiO4), serpentines (Mg3Si2O5), wollastonites (CaSiO3), enstatites (MgSiO3), talcs (Mg3Si4O10(OH)2) and rocks with similar fashion [48]. However, environmental safety concerns of leakages, contamination, degradation of underground sources or soil itself have paved the way for research on other forms of mineralization of CO2 today where the reactions that take place underground are being tried to be mimiced aboveground and applied spesifically on CO2-intensive industries [49].
CO2 mineralization concepts can roughly be categorized under three groups: (i) by mineralization source, (ii) by mineralization process, and (iii) by mineralization type. Each of these groups, again, can roughly be seperated into two subgroups.
By source, mineralization concept is interested whether the CO2 is being fixed/ trap as an inorganic carbonate through natural ores or by utilizing industrial products, by-products, wastes or pollutants. Natural ores allows CO2 to be stored underground in geological formations, by direct injection of the molecules into porous rock formations. Industrial use on the otherhand, is being applied on the industry in a seperate plant, creating carbonated minerals that are storable and transportable.
By process, mineralization concept focuses whether the application takes place underground or above ground. Underground applications, such as EOR, are therefore named as ‘In-situ Carbonation Processes’ and works on minerals on site. While aboveground applications, such as industrial applications on residue, steel slag etc. are named ‘Ex-situ Carbonation Processes’ and works on extracted minerals that are treated and reacted with CO2 in a process plant.
By reaction type, the main question is to identify whether the carbonation minerals could be applied directly or needs to be mined, refined or processed first in order to be chemically reacted with CO2. [49]
4.2.	Mineralization by Source
4.2.1.	Use of natural geological ores
As mentioned above, rich underground minerals fit into this category. Aforementioned minerals are generally rich in alkalines such as Ca, Mg, Si which are highly reactive against CO2. Capture CO2 gets pumped straight into these ores underground (or underwater), creating carbonate crystallites that could be stored in geological time scales. In certain cases, these ores could be mined and processed in order to mimic the chemical reactions in a controlled environment. Some spesific byproducts could also form for utilization if demanded aswell.
The main advantage of using natural ores for capturing is their ability to store CO2 almost indefinitely. In the end, rock formations are carbon based and a part of the carbon cycle, hence these application could be considered within this cyclic manner. Post-reaction materials are very stable, meaning they don’t easily degenerate or decompose. Studies also point out in the abundance of magnesium and calcium silicate deposits globally, which eliminates concerns over source.
However, the slow kinetics of these processes could also be a curse as much as a benefit, since lack of speed increases the energy demands due to preperation. Environmental concerns should not be neglected aswell; although promising as a storage form, if not applied with very sensitive measurements of micrositing, due to leakages, soil degradation, acidification etc. it can cause more harm than good. R&D is also an ongoing process for natural ores and there is a lack of implementation: this not only points out to a scarcity in applied expertise but also to a lack of knowledge or experience on environmental effects through geological timescales.
The general chemical expression of these processes could be summed as the reaction between  metal oxides with carbon dioxide, producing metal carbonates and heat (eq. 1).
MO + CO2  MCO3 + Heat (1)
Where ‘M’ stands of an diavalent metal such as calcium, magnesium, iron etc. This simplified chemical expression can be derived for olivines (eq. 2a), for serpentines (eq. 2b) and for wollastonites (eq. 2c) as such;
Mg2SiO4 + 2CO2  2MgCO3 + SiO2 + 89 kJ mol-1 CO2                                          (2a)
Mg3Si2O5(OH) 4  + 3CO2  3MgCO3 + 2SiO2 + 2H2O + 64 kJmol-1CO2       (2b)
CaSiO3 + CO2  CaCO3 + SiO2 + 90 kJ mol-1CO2                                                     (2c)
As expressed, these reactions are exothermic.Thus, for carbonation processes preferable should be conducted under lower temperatures. While in the same perspective, calcination processes (which could be considered as the reversal of carbonation) favors higher temperatures. 
Concerning the contents and capturing abilities of such natural ores;
-	Magnesium silicates exhibit a higher MgO yield chemically. Theoretically, these rocks can capture 0.55 kg CO2 per kg of rock. MgO concentration can go up to 50% by weight post-process.
-	Calcium silicates, although working quite well within their natural limitations, they can can capture less CO2 compared to their magnesium counterparts. CaO precipitation is around 10% by weight, while the theoretical level of rock storage is around 0.08 kg CO2 per kg rock. [48]
4.2.2.	Use of industrial products, by-products or waste 
Industrial use defines the spectrum of CO2 capture and its subsequent storage in chemical products, in industrial cycles and waste streams. In case the product that contains the captured CO2 has a long life-cycle, industrial use of CO2 could be considered as a carbon sink. Industries that are carbon intesive, or have wastes/by-products that could be treated through carbonation are examplary fields of application. 
Candidate industrial products for CO2 have a very high reactivity with faster kinetics. CO2 can also be carbonated as solid with high stability, allowing for storage options on-site to shine. Wastewater treatment and purification, use in calcination – carbonation cycles in cement industry, or use as “upgraded products” as green construction material are common applications for this capturing method. Although the candidate products’ availability is much less than natural ores, their on-site and continous production makes up for that fact. Simultaneous, with the introduction of net-zero emission concept, CCUS industry have taken a turn on eliminating CO2 at its responsible emitter. Plus, in overground applications of CO2 capture with natural ores, processes such as mining, treatment, transport and disposal for ores add extra economic burden and energy costs to stream which generally does not exist in industrial applications since all neceseary input products are produced and used in the same space (or somewhere very near). [48]
4.3.	Mineralization by Process
4.3.1.	Ex-situ mineralization process
Ex-situ processes take place overground. Candidate chemicals within extrants are metal oxides of calcium, magnesium, aluminium, iron and manganese. Since this process take place overground, feedstock could vary from natural ores to alkaline solid wastes and their applications could extend from waste treatment to collection of combustion residues to construction. Although can use mined natural ores, generally ex-situ processes today refer to the use of industrial by-products/wastes that are highly available and have low material costs.
Mostly in ex-situ applications, products of carbonation have a wide range of implementation field. Especially reusable products, such as CaCO3 in cement industry, do favor these processes for their beneficial contribution to the overall system paralel to carbonation. Carbonation also stabilizes and utilizes wastes; it can prevent the amount of heavy metals escaping to the environment and at the same to prevent alkaline from 
not going to landfills but to be reused. Depending on the application, it has the ability to negate transportation and processing costs hence energy and economical costs could further be lowered. But considering the penetration of CCUS technologies into the industry, it is too early to concretely state that they are economically feasible. Yet, widespread attention and steep increase on R&D can solve these obstacles in the near future. [48] 

Figure 36: Flow Diagram of Ex-Situ Mineralization Processes [48]

4.3.2.	In-situ mineralization process
In-situ processes are conducted underground. CO2 gets injected to the geosphere to form crystalites that involve captured CO2. The large capture capacity for underground sources and natural sinks create the main area of attraction. In-situ processes also have the chance to work together in combination with ex-situ processes within themselves, allowing for flexibilities in planning, design and cost. It generally has a lower economic cost since CO2 capture mostly is not the only goal (like in EOR) and as far as expertise and know-how goes, it excel as oppose to ex-situ processes.
Challenges here are quite the few though: choice of application site with fitting characteristics are an extra step and generally an obstacle in planning processes, even without adding the environmental concerns. Slow reaction kinetics and longer reaction time of CO2 with silicates also are not only problematic timewise, but also the effect of lingering CO2 is quite harmful and its future effects are unknown. Other than spesific applications, time and R&D on CCUS has also seems to favor ex-situ applications currently. [48]


4.4.	Mineralization by Reaction Type
4.4.1.	Direct carbonation
Direct carbonation reactions are single stepped reactions where CO2 reacts with the capturing chemicals or extractants directly. Two routes could be followed in order to achieve direct carbonation; (i) dry gas-solid, and (ii) aqueous carbonation. In dry-gas solid carbonation, as name suggests, CO2 in gas phase gets reacted with a solid material (be it a mineral or an industrial feedstock/waste). Aqueous carbonation generally exploits the highly concentrated solutions suitable for carbonation, in order to increase the reaction rate. These reactions are exothermic and direct carbonation allows for excess heat to be recycled. Also, due to their single stepped nature, they are simple to apply and understand. However their reaction kinetics are significantly slow, making them almost useless for industrial applications, especially where time is in essence. Also, maintaining these slow reactions in stable temperature/ pressure parameters could be energy intensive, adding costs to such applications. [49]
4.4.2.	Indirect carbonation
As oppose to direct carbonation, indirect carbonation is dependant on a series of multi-staged reactions mainly to overcome the drawbacks of direct carbonation on slow kinetics and reaction rate. Regenerative and reusable chemicals are used in the carbonation process to create more reactive mid-products, in order to conduct more favorable and efficient end results. Indirect carbonation also have the potential to produce higher value-added products to be utilized, sometimes even in the mid-stages of the process. Yet, mid-stages mean a need for spesific chemicals or materials to be extracted, processed, prepared, transported and (in certain cases) disposed, adding up to the energy and economic costs. Acid-ion extraction, pH swing and indirect gas-solid carbonation are some example methods for indirect carbonation. [47]
4.5.	Certain Applied or Investigated Examples of CO2 Mineralization in Industry
4.5.1.	Mineralization with Ca(OH)2 for power generation
Ca(OH)2 + 2 NaCl + 2 CO2  2 NaHCO3 + CaCl2
-	Uses Ca(OH)2 as feedstock, which is an industrial pollutant from steel, paper or coal industry. 
-	NaCl has been introduced to the reaction in order to produce NaHCO3 rather than CaCO3, which is an higeh-value industrial feedstock. This feedstock is mostly used in production of soda ash, baking soda and magnesium carbonate.
-	This enables the process to use two industrial pollutants (Ca(OH)2 and CO2)  to produce two useful products (NaHCO3 and energy).
-	Can work in low CO2 concentrations. (<10% in volume)
-	Uses a CO2 mineralized fuel cell (CMFC) system. This system utilizes CO2 as electricty through a series of processes.
-	Fuel cells could be considered as “storage tanks”. They could also be produced in portable form and scaled-up to desire.
-	Needs the storage of Ca(OH)2 up front.
-	Reaction is exothermic, which necesitates temperature control. [50]

Figure 37: Schematic of the CMFC: (A) Ca(OH)2 storage, (B) NaCl aquired from the sea, (C) CO2 production due to fuel combustion, (D) NaHCO3 storage, (E) CaCl2 storage, (F) Hydrogen supply, and (G) Electric load. [51]
4.5.1.1.	Process description
Main role of CMFC here is to utilize the energy that is released during the carbonation process. The carbonation reaction where CO2 transforms into CO32- is an exothermic reaction (for CO2 ΔGf0= -394 kJ/mol, for CO32- ΔGf0= -528 kJ/mol). CMFC’s working princple is to utilize this excess energy into electricity as a fuel cell, but at the same indirectly change the final product of the main reaction by not allowing CaCO3 to form (which would have occured through the reaction of Ca(OH)2 and CO2 if they were to be mixed directly.). NaCl here acts as a medium where it reacts with Ca(OH)2 and CO2 seperately, allowing CaCl2 to form on one side and NaHCO3 on the other.
Figure 38 portrays the schematic application of a CMFC. Here, four different chemicals are fed into different chambers of the fuel cell seperately. Anode gas chamber (item b) is being fed by H2 molecules. 
H2  2H+ + 2e-
As they ionize, electrons will be directed from anode to cathode (item a and j respectively), passing through a load, and ionized H+ molecules with pass to the anode liquid chamber (item d) through the hydrogen diffusion anode (item c) in order to react with Ca(OH)2. 
Simultaneously, NaCl will be fed into the salt chamber frame (item f), ionizing into Cl-  and Na+. 
NaCl  Na+ + Cl-
Cl- will move towards anode liquid chamber (item d) through the anode exchange membrane (item e), and Na+ will move towards to cathode chamber (item h) through the cathode exchange membrane (item g). 
Meanwhile, Ca(OH)2 will be fed into the anode liquid chamber (item d) and start ionizing into OH- and Ca+2. 
Ca(OH)2  Ca+2 + 2OH-
The travelling Cl- into the anode liquid chamber will now react with the Ca+2 to form CaCl2, and the H+ ions diffused into the liquid will react with OH+ to form water.
Ca+2 + 2Cl-  CaCl2
H+ + OH-  H2O
On the otherhand in cathode chamber (item h), feedstock CO2 is reacting with water, forming carbonic acid.
CO2 + H2O  H2CO3
Carbonic acid in turn will ionize aswell in the cathode chamber.
H2CO3   2HCO3 + 2H+
Here, ionized Na+ arriving through the cathode exchange membrane (item g) from the salt chamber, will react with HCO3 to form NaHCO3. At the same time released H+ will be attracted towards the cathode (item j) and will engage with the electrons arriving from the anode, forming H2.
Na+ + HCO3  NaHCO3
2H+ + 2e-  H2
Through these steps taking place paralelly, NaHCO3 and CaCl2 that precipitated in their respective chambers will be filtrated and dried in order to be prepared for further use. The circulation of the electrons also provide power generation. In their study, Xie et. al. managed to construct a CMFC that has a 0.452 V open-circuit voltage at peak and a 5.5 W/m2 power density at most. They also conclude that although CaCl2 is quite abudant in nature and cheap to obtain in the industry, NaHCO3 is quite the opposite, giving this utilization process a possibility to become economically feasible with R&D. Also, Ca(OH)2 being an industrial waste, this whole process could be considered as its waste treatment, since not only Ca(OH)2 is being taken out of the picture but it also helps utilizing CO2 into electricity and higher-valued products. [51]

Figure 38: The Diagram of the CMFC System and the Inner Structure of the Single CMFC [51]
4.5.2.	Electrolytic CO2 Mineralization with MgCl2 to Produce MgCO3
MgCl2 + H2O  Mg(OH)2 + HCl       (1)
Mg(OH)2 + CO2  Mg(HCO3)2             (2)
Mg(HCO3) + Cl-  MgCO3 + HCl      (3)
-	Can use seawater or salt lakes as feedstock, which constitutes MgCl2. Average concentration of Mg in seawater is around 0.13%.
-	Produces MgCO3, which is a useful industrial product with good market prices (ranging 1.40 – 3.50 $/kg as of January 2019, taken from the website of  https:// www.alibaba.com), paving a possibility for this mineralization method to be economically feasible. 1 ton of captured CO2 can produce 3.16 tons of MgCO3. 
-	Efficient mineralization method: net effective efficieny of reactions are around 50-70%.
-	Uses an electrolysis cell and an AEM (Anion Exchange Membrane). Electrolysis cell enable the conversion of MgCl2 to Mg(OH)2 as a similar fashion in CMFCs. These cells need electricity (0.7 V per cell) as feed to operate. For 1 ton of captured CO2, 871 kWh electricity is neceseary, according to the of study of Xie et al.
-	Can work also in lower CO2 concentrations: reported succesful operation in <20% by volume.
-	Can use diluted CO2. In turn, skips a huge portion of energy intensive CO2 purification, which helps reduce the energy need for mineralization.
-	Between 0.58 to 0.41 mineralization rate by mass, calculated in ideal conditions (kg MgCl2 per kg CO2). [50]
4.5.2.1.	Process Description
MgCl2 transformed into HCl and Mg(OH)2 by electrolysis (eq. 1). Then, Mg(OH)2 gets reacted with CO2 to produce magnesium bicarbonate (eq. 2). Calcination of Mg(HCO3)2 allows the production of MgCO3 (eq. 3).
Figure 39 illustrates the aforementioned electrolysis cell. H2  is oxidizes and forms H+. Cl- ions gets diffused through the AEM and meet with H+ ions to form HCl. At the same time, water is electrolyzed on the cathode side and transformed into H2 then recycled into the anode. Diffused MgCl2 in the cell, reacts with OH- and produces Mg(OH)2, which in turn reacts with CO2 to produce MgCO3. This magnesium carbonate will precipitate locally and extracted for future use. [50]

Figure 39: Illustration of the Used Electrolysis Cell, Its Components and the Chemical Process that Occurs Within [50]
4.5.3.	CO2 Mineralization with Phosphogypsum (PG) for Fertilizer Production
CaSO4 . 2H2O + 2NH3 + CO2  (NH4)2SO4 + CaCO3 + H2O
-	Uses PG with ammonia to produce two useful products: (NH4)2SO4 is used as a fertilizer in agriculture and CaCO3 in cement industry.
-	Pilot project. Applications aiming for PG recycling which is quite low (Study of Xie et al. states 85% of PG goes to landfill or even no processed disposal).  
-	Utilizes a direct capture method.
-	Static and not portable. (Pilot project at Puguang/ China is ~12m in height, ~15m wide).
-	Processing of the products is quite demanding: steps such as water washing, filtering, drying, slurry mixing has energy and space needs.
-	Nearly no pollutant emitted at the end of the process.
-	A relatively new method: could be implemented in waste/ recyclables transportation in logistics industry (Research done by Xie et al. was in March 2015).
-	Storage needed for both the feedstock PG and produced materials.
-	Evaluated income for Puguang was 17 USD/t.CO2. [50]

4.5.3.1.	Process Description
Figure 40 below represents the flow diagram of the process. Acidic PG slurry with saturated ammonium interacts with the flue gas and gets scrubbed in order to be transformed into the useful products of the reaction. The slurry that contains CO2 then further processed with fresh PG to keep producing CaCO3 and (NH4)2SO4. CaCO3 gets washed, filtered and dried for cement industry. While the rest of the solution gets crystalized and dried to extract (NH4)2SO4. 
At start, flue gas needs to be cooled to 50 oC in order to be absorbed by ammonia. Mineralization with PG would take place in 75 oC. Drying process will take place in 250 oC, which could be done with the exhaust flue gas itself. [50]

Figure 40: Flow Diagram of Mineralization of CO2 through PG Use. [50]
4.5.4.	CO2 Absorption Through Insoluable Amines (NR3HCl)
CO2 + H2O  H2CO3*  H+ + HCO3-  2H+ + CO3-        (1)
NR3 + H+ + Cl-  NR3HCl                                                  (2)
Ca+2/ Mg+2 + CO3-  CaCO3/ MgCO3                                           (3)
2NR3HCl + Ca(OH)2  NR3 + CaCl2 + 2H2O                     (4)
NR3HCl + NH3 . H2O  NR3 + NH4Cl + H2O                     (5)
NaCl + CO2 + H2O + NR3  NaHCO3 + NR3HCl                (6)
CaCl2/MgCl2 + CO2 + H2O + 2NR3  CaCO3/MgCO3 + 2NR3HCl (7)
1: Formation of carbonic acid
2: Formation of amine extractants
3: CO2 capture
4: Regeneration of amines
5: Regeneration of amines
6: Capture of CO2 with different seasalts
7: Capture of CO2 with different seasalts
-	Could utilize different salts, which also exists in seawater as extractants. 
-	Indirect capture which needs several steps but thermodinamically possible. (Measured Gibbs free energy changes are; In use of NaCl, ΔGf0 < 0 kJ/mol. In use of MgCl2, ΔGf0<  -10.73 kJ/mol. In use of CaCl2, ΔGf0< -28.51 kJ/mol.)
-	Amines (which are a medium product) can be produced on-site and regenerated throughout the reaction cycles.
-	Ammonia used as a regenerant for the amines, with 95% regeneration ratio. 
-	Ca+2 from CaCO3 has efficient levels of fixation and also reacts quite fast (Utilization ratio ~90%).
-	For Mg+2, higher CO2 mass flows and concentrations needed in order to catch the numbers of Ca+2.
-	Mutual insolubility between amine extractants and seawater allows the reactions to be conducted efficiently.
-	Capture and storage can be done simultaneously. Stored is in solid form, which can substantially lower storage and space needs.
-	Carbon fixation is 0.114 mol of CO2 per lt of seawater (study of Wang et al. has focused on use of dissolved salts in seawater). In other words, 1 m3 seawater can capture 2.55 m3 CO2. Or, 199.2 m3 seawater is needed for 1 ton of CO2 fixation. (Or 1 ton of water needed for ~5 kg of CO2 fixation)
-	Phase seperation does not demand energy. The main energy consumption is needed for the pump, responsable from pumping and transporting the seawater within. (Driving 199.2 m3 seawater demands 46.87 kWh electricity for a typical pump used in the industry for such implementations).
-	Could take place in low temperatures (25 oC) and because of amines, pH control is possible and quite sensitive.
-	Pre-processing demands cooling of the flue gas. Also a controlled flow rate for and purification of CO2 is neceseary. [52]
4.5.4.1.	Process Description
Figure 41 below represents the flow diagram of the process. Within the scope of study done by Wang et al., seawater and amines are added to the reactor and stirred with spesific ratios. Pure CO2 will be introduced to the tank, allowing the capture reaction to take place. After layering process, the solution gets seperated through membranes (polycarbonate, 0.2 microns) between the organic liquid and brine. Brine gets solid and liquid seperations in order to be regenerated.
Chemical process starts with the preperation of carbonic acid as CO2 gets diluted in water (eq. 1). Unstable carbonic acid will be seperated into ions, especially H+ and CO3-2  in the end (eq. 1). After this process, amines (NR3) are added into the system (eq. 2). Aforementioned ions react with the amines to form amine hydrocloride (NR3HCl) (eq. 2). As the reaction continues, NR3HCl gets extracted back into the organic phase, at the same time CO3-2 starts reacting with the solution, creating CaCO3 and MgCO3 due to the lack of H+ ions which broke the equilibrium of the CO2 solution (eq. 3). NR3HCl produced have to be regenerated, therefor HCl within it needs to be extracted aswell after this point. This is achieved by reacting it with Ca(OH)2 or diluted ammonia (NH3 . H2O), which releases the amine and creates either CaCl2 or NH4Cl salts. Last step is reversible depending on the temperature of the environment (eq. 4,5). 
Paralelly, amine extractants can also produce NaHCO3 if they react with NaCl in high concentrations. Also, this salt could also be replaced by CaCl2 or MgCl2. These last two steps (eq. 6,7) can also parallely be conducted to capture CO2 directly. [50]

Figure 41: Process Diagram for CO2 Mineralization Using Insoluable Amines [50]







Throughout the process of preparing this dissertation paper, there are couple of concrete elements that were repeated and tried to be underlined on why CCUS is not only a novel form of technology that is worth paying attention to, but is also crucial to mitigate in order to mitigate CO2 emissions further especially to the levels aimed in Paris Goals.
The main one being, of course, the Goals of Paris Aggrement, targeting below 2 Cos. The current emission pace of GHGs as oppose to their natural capturing rate are nowhere near an equilibrium. Policies of the last decade haven’t shown any promise on promoting natural solution such as reforesting, natural treatment of water sources, boosting the recovery rates of natural carbon cycles preservation of oceans and seas, revitalizing dead-zones etc. Simultaneously, the time that is neceseary for any of these solutions to have a mature effect on climate change also does not comply well with B2D scenarios. At that stage, CCUS could come in handy in order reach to an equilibrium of CO2 emission/ capture, since not only it have the potential to capture, but it can capture GHGs from the source which emitted it. Furthermore, continous implementation of CCUS not only can help technologies to achieve a net-zero emissions, but can also bring further CO2 down, creating an option for “negative emissions”. Negative emissions scenario should be taken seriously, as it significatly effects humanity’s sustainable existence on this planet and its chance of survival by 2100.
Comprehensive studies that have given in this paper also underlines that CCUS should be utilized in combatting emissions paralel to the other solutions. Statistical data necesitates that policy makers should apply CCUS to a certain extent into their climate change agenda, if the goal is to dedicate an actual effort to a sustainable option. However, caution should be taken in not allowing CCUS to become a substitute for continous GHG emissions. Regulations should be quite strict on promoting CCUS; the main premise should always be the reduction of emissions from the current levels, not using CCUS as a tool for continous GHG release. 
Refering back to Kaya Identity, it is good to keep in mind that aside from natural cycling of CO2, the main elements that policy makers can adjust are fuel efficiency and carbon intensity. This should be analyzed in a very sensitive manner: considering the Jevon’s Paradox, the criticism that fuel efficiency attracted must be reconsidered and adjusted accordingly. Since the industrial revolution, fuel efficiency haven’t decreased the need for fuel, on the contrary increased it. Thus, our understanding on fuel efficiency (or energy intensity) has to be reconstructed, trying to tackle certain social phenomenas such as consumerism, compound growth and sole economic profit. It is worth to asses studies on degrowth or zero-growth, and their possible means of application today.
CCUS can also come in handy when the matter is land use. If current R&D projects will deliver what they promise, CCUS, especially direct air capture technologies can significantly decrease the amount of land needed as oppose to natural carbon sinks (say, forests). Plus, the mineralization processes can also further help in stable storage options, and beyond, creating new valuable products from wastes or utilizing power generation. Nevertheless, again, such application should not fall into to the trap mentioned earlier, creating an excuse for the industry to keep emitting CO2.
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